Pavements are found to be a significant contributor to the urban heat island. One of the strategies to mitigate it is by using permeable pavement. The purpose of this study is to investigate the impact of utilization of permeable pavement on air temperature above the pavement and building energy consumption. Simulation on five types of pavement (dense grade asphalt concrete/DGAC, permeable asphalt concrete/PAC, concrete, permeable interlocking concrete block/PICB, and grass block) using DesignBuilder software with concrete as the base for comparison shows that PICB has the highest air temperature reduction and energy consumption reduction compared to other type of pavements.
Introduction
Cities can be several degrees warmer than surrounding regions due to the built environment and the concentration of human activity, a phenomenon referred to as an urban heat island (UHI). This phenomenon happens all over the world. In Taiwan for example, since 1980, temperature increases in the three metropolitan areas of Taipei, Taichung and Tainan have been around two times higher than those in three medium and smaller cities (Hualien, Taitung and Hengchun) . Other research result stated that the difference between rural-urban temperature is about 1.83°C from 1995-2004 based on temperature records in 8 major cities in Taiwan. In Taipei City itself, based on temperature change records from 1961-2005, the number of nights above 25°C has increased from an average of 35 days/year to more than 100 days/year and the number of daytime temperatures above 37°C went from less than 5 days/year to more than 12 days/year, indicating that Taipei City is a clear example for heat island effect.
Pavements are found to be a significant contributor to the UHI temperature increase because (1) they constitute a substantial portion of total urban land coverage and (2) pavements can store and radiate a significant amount of heat. In looking at four cities (Sacramento, Chicago, Salt Lake City and Houston), Rose et al. (2003) found pavements (roads, parking lots, sidewalks, etc.) make up 29-45 percent of the total land coverage, and about half the total UHI contributing surface coverage.
Three commonly suggested strategies to mitigate the heat island effect are by using vegetation, cool roofing, and cool pavements. Cool pavement is pavements that help lower surface temperatures and reduce the amount of heat absorbed into the pavement. Permeable pavement as one type of cool pavements helps to alleviate heat island effect by reducing ambient temperature.
It has been well documented that heat island increases the demand for air conditioning. Thus, the utilization of permeable pavement that can reduce the ambient temperature also helps to reduce the energy needed to cool the building. Analysis of hourly demand indicates that cooler pavements could save an estimated 100 MW of peak power in LA (Akbari, 2001) .
There are many kinds of permeable pavement used on the field, but not many studies have been done to investigate its impact on environment. The paper aims to present and discuss the impact of those different types of permeable pavement on air temperature above each pavement and its impact on building energy consumption when it applied around a building.
Materials and Method

2.1.
Literature Review
Heat Island
Heat island can be defined as a 'reverse oasis' where air and surface temperatures are hotter than in their surroundings, usually happens in urban area. There are five main causes of heat island formation: reduced evaporation, increased heat storage, increased net radiation, reduced convection, and increased anthropogenic heat (Gartland, 2008) . Surface temperatures have an indirect but significant influence on air temperatures, especially in the canopy layer (measured at about the height of people or the lower stories of buildings, between 1.5 and 3 m above ground), which is closest to the surface. But because air mixes within the atmosphere, the relationship between surface and air temperatures is not constant, and air temperatures typically vary less than surface temperatures across an area. Surface temperatures vary more than air temperatures during the day, but they are fairly similar at night (US EPA, 2008).
Permeable Pavement
The general principle of permeable pavement is simply to collect, treat and infiltrate freely any surface runoff to support groundwater recharge. In comparison to traditional drainage systems, storm water retention and infiltration is a sustainable and cost effective process, which is suitable for urban areas (Andersen, 1999) . The permeability of the pavement makes it possible for water to infiltrate thoroughly to the soil. This infiltration may increase soil moisture and makes it become softer, thus, it only suitable for light duty and infrequent usage area such as parking area or pedestrian access (Lin, 2003) . Figure 1 illustrates the comparison between permeable and traditional pavements. In general, there are three types of permeable pavement that commonly used on the field: permeable asphalt concrete pavement, pervious concrete pavement, and permeable interlocking concrete pavers. 
Relationship between Permeable Pavement and Air Temperature
When wet, permeable pavement can lower air temperature through evaporative cooling. Moisture within the pavement structure evaporates as the surface heats, thus drawing heat out of pavement (US EPA, 2008) . Due to evaporation, a part of the net downward radiation is converted into latent heat, similar to the phenomena happening at natural surfaces covered by bare soil or vegetation. This means the temperature of the permeable paved surfaces does not escalate as much, and subsequently the underground heat storage and sensible heat exchange between the ground surface and atmosphere are diminished. When dry, the larger voids in permeable pavement increase the available surface area. This condition may limit heat transfer to the lower pavement structure and soils, keeping heat at the pavement's surface (and increasing daytime surface temperatures), but reducing bulk heat storage (reducing release of heat at nighttime).
Previous research on permeable pavement has been done by Kubo et al. to understand the effect of lowering road & sidewalk surface temperature on air temperature by changing the material from dense graded to cool pavement (water retention pavement and heat-shield pavement). The Computational Fluid Dynamics (CFD) simulation on Ginza (Tokyo) district model for the research shows that when the surface temperatures of the roads and sidewalks were reduced by 10°C, the air temperatures at 0.5 m and 1.5 m above the surface were reduced by 2.13°C and 0.73°C, respectively.
Building Energy Consumption
Buildings are known to be one of the largest consumers of electricity; the US Department of Energy estimates that buildings consume 70% of the electricity in the US (US DOE, 2009). Chan (2004) in his study on energy use found three non-design factors that have significant impact on energy consumption in building: occupancy and management, environmental standard, and climate. Climate affects the energy consumption in a building primarily by influencing the space cooling and heating requirements. The main climatic variables influencing the amount of energy needed for air conditioning are: solar radiation, outside air temperature, wind, rain, and night sky radiation. In Taiwan, according to Taiwan Power Company's report, air conditioning electricity consumption increases about 6% when the outdoor air temperature increases 1°C (Bay and Ong, 2006) .
Methodology
In this study, three types of permeable pavements (permeable asphalt pavement, grass block, and permeable interlocking concrete brick) were measured and compared with the traditional pavement (concrete and dense-grade asphalt pavement). Site measurement was conducted to collect meteorological and pavement surface temperature data.
The permeable pavement experimental area in the Ministry of Economic Affairs Water Resources Agency, Sindian, New Taipei City, Taiwan was used to collect data for permeable pavement and dense grade asphalt surface temperature, also meteorological data (air temperature, relative humidity, wind velocity, and irradiance) of the area. Easy weather station, thermocouple, and data logger were installed on the site (Figure 2 ). The data was taken for twelve days from July 1-12, 2011, includes the total of 1728 data observations with ten minutes intervals. Other measurement was conducted on Civil Engineering Building, National Central University (NCU), Jhongli, Taiwan to obtain actual data of pavement, wall, and roof surface temperature, also meteorological data of NCU. T-type thermocouple, easy weather station, and data logger were installed on the site (Figure 3 ). Total eight thermocouples were attached to building surface (one on pavement, six on the wall, and one on the roof). Thermocouples on the wall were attached at the height of 1.5 m and then every 2 m. Measurement was done from July 16 -22, 2011, includes the total of 847 observation with data recording every ten minutes. Correlation analaysis was used to find the correlation between variables and multiple regression was used to develop the pavement surface temperature model. The surface temperature model along with meteorological data from NCU will be used to approximate the surface temperature of permeable pavement when it is being utilized around NCU library building. The impact of permeable pavement surface temperature on air temperature was investigated using Computational Fluid Dynamics (CFD) simulation in DesignBuilder software. While the impact of permeable pavement utilizations on building energy consumption was simulated using EnergyPlus in DesignBuilder. Figure 4 illustrate the model used in both simulations. The energy consumption in this paper was focused on the air conditioning energy consumption. National Central University (NCU) General Library building was used as the case study for the simulation. 
3.
Results and Discussions
Site Measurement in Permeable Pavement Experimental Area, Sindian
Site measurement result shows that pavement temperature changed simultaneously with the change of air temperature and irradiance. Pavement surface temperature increased rapidly after sunrise, reached its peak in midday, and decreased towards sunset time. There are distinctive pavement surface temperature pattern between four types of pavement. At daytime, dense grade asphalt pavement (DGAC) surface temperature is the highest, followed by permeable asphalt concrete (PAC). Grass block and permeable interlocking concrete block (PICB) being the lowest in temperature. At night, all four types of pavement share almost the same temperature ( Figure 5) . DGAC surface temperature is higher than PAC from morning until midday with temperature difference reached 14°C, the highest temperature difference is achieved at around 11.00 AM. But in the afternoon until midnight (around 14.00 PM -01.00 AM), surface temperature of DGAC becomes lower than PAC, DGAC's lowest temperature achieved at around 15.00 PM. The expected reason for this phenomenon is the high thermal conductivity of DGAC. With higher thermal conductivity, DGAC transfers heat faster than PAC, thus, it heats up quickly as the sun rises. PAC with lower thermal conductivity has slower capability to transfer heat, proved by the time lag from the highest irradiance and PAC highest temperature's time occurrence. In the afternoon, DGAC starts to release its heat as the air temperature and irradiance reduced, but PAC still keeping heats from the previous heating time which makes its surface temperature higher than DGAC.
In the morning until midday, grass block surface temperature is higher than PICB with temperature difference reached 8°C, the highest temperature difference is achieved at around 10.00 AM. In the afternoon until early in the morning (around 13.00 PM -09.00 AM), surface temperature of grass block becomes lower than PICB, grass block's lowest temperature achieved at around 14.00 PM. From the correlation analysis result, high positive correlation was found between surface and air temperature (ranged from 0.91-0.93), between surface temperature and irradiance (ranged from 0.72-0.79), also between surface temperature and wind velocity (ranged from 0.70-0.71). High negative correlation was found between relative humidity and surface temperature (ranged from 0.86-0. 89). Thus, the four variables; air temperature, wind velocity, irradiance, and relative humidity will be used in developing linear multiple regression model.
Site Measurement in National Central University, Jhongli
Pavement, wall, and roof surface temperature changed simultaneously with the change of air temperature and irradiance. Pavement surface is high during midday and decreased towards sunset time. The measurement result from July 16-22, 2011 shows that, compared to the wall and pavement surface temperature, the roof temperature is the highest at daytime, but reduced towards sunset and becomes the lowest during the night. Wall temperatures, as seen in Figure 6 , did not show significant temperature difference between each measurement point, the highest temperature difference between measurement point 1.5 m and 11.5 m above the pavement is 6.2°C (0.5°C higher in average). At midnight, pavement, wall, and roof shared almost the same temperature. 
Surface Temperature Model
Surface temperature prediction for four types of pavement was established using meteorological data from National Central University measurement on July 20, 2011. Daytime surface temperature prediction was done using meteorological data at 12.40 PM, referring to Lin et al. (2007) study which emphasized that the difference in average air temperatures among several pavements is significant only at noon time in summer (particularly during the period 12.00-14.00 PM).
At daytime, as shown in Table 1 , surface temperature for dense grade asphalt concrete (DGAC) pavement is 52.2°C, permeable asphalt concrete (PAC) is 49.9°C, grass block is 43.3°C, and permeable interlocking concrete block (PICB) is 42°C. DGAC has the highest temperature, followed by PAC and grass block, PICB has the lowest temperature. This result fits the surface temperature pattern from the Permeable Pavement Experiment Area as mentioned in section 4.1. This surface temperature will be used to predict the air temperature and compare it with the real condition. Concrete pavement real observation data is used as the base for the comparison. On June 24, 201, 12.40 PM, concrete pavement surface temperature is 46.9°C. Note: y = pavement surface temp., x1 = wind velocity, x2 = air temp., x3 = irradiance, x4 = relative humidity
The Impact of Permeable Pavement Utilization on Air Temperature above the Pavement
The effect of permeable pavement utilization on air temperature is simulated using Computational Fluid Dynamics (CFD) package in DesignBuilder software. Meteorological data on July 20, 2011 at 12.40 PM is used as input to represent summer condition, along with the result of pavement surface temperature prediction. The simulation was done on five type of pavements: concrete, dense grade asphalt concrete (DGAC), permeable asphalt concrete (PAC), grass block, and permeable interlocking concrete block (PICB). Concrete is used as the base case simulation, represents the pavement material around NCU main library building. Air temperature above four types of pavement then will be compared to the result of air temperature above concrete pavement. Basic input to the simulation: The simulation result shows that pavement on air temperature is reduced as the height increased. The pattern of air temperature follows the pattern of surface temperature, with air temperature above dense grade asphalt concrete (DGAC) being the highest, followed by permeable asphalt concrete (PAC), concrete, grass block, and the coolest is permeable interlocking concrete block (PICB).
From table 1 can be seen that compared to concrete pavement, air temperature surrounding 1-3rd floor and 6-8th floor is 1.27°C higher for DGAC, and 1.03°C higher for PAC. Air temperature surrounding 4-5th floor is 1.72°C higher for DGAC, and 1.48°C higher for PAC. Outdoor air temperature above grass block is 0.06°C cooler compared air temperature above concrete. Outdoor air temperature above PICB is 0.63°C cooler for 1st floor, while for 2-8th floor is 0.18°C cooler compared air temperature above concrete. 
The Impact of Permeable Pavement Utilization on Building Energy Consumption
The effect of permeable pavement utilization on energy consumption is simulated using EnergyPlus package in DesignBuilder software. The pavement material and air temperature difference from the previous section are used as the input data. The air temperature difference between each of four types of pavement and concrete pavement is inputted to the simulation to generate NCU main library energy consumption when utilizing each type of pavement as its base.
Actual energy consumption records of NCU main library was obtained for period of January 2010 -May 2011. Air conditioning electricity consumption increased following the air temperature, the electricity consumption was high during summer with peak consumption in August (66.08% of total energy consumption), and low during winter with lowest consumption in January (18.32% of total energy consumption). Hourly average AC energy consumption on July 2010 was used as the base reference for EnergyPlus simulation validation.
Result from the EnergyPlus simulation on a day in June shows air conditioning energy consumption at the peak hour reached 3744.57kW, this value is close to the real energy consumption record on July 2010, 3788.400 kW. Thus, it can be assumed that the result of this simulation can approach the real condition.
With concrete pavement as the base reference, at peak hour, the use of DGAC as building base increase the air conditioning (AC) energy consumption by 477.56 kW and using PAC increase the energy consumption by 399.89 kW. While using grass block reduces the energy consumption by 27.18 kW. The largest reduction is obtained by utilizing grass PICB. PICB reduce the energy consumption by 93.3 kW. Details of the result can be seen in Table 3 .
Using the result to represent peak hour energy consumption on summer, in a month during the peak hour, DGAC pavement increase energy consumption by 14326.8 kW, PAC increase the energy consumption by 11996.7 kW. Grass block and PICB reduced the energy consumption by 815.4 kW and 2799 kW. 
Conclusion
a. Surface temperature difference between five types of pavement was high at noon (dense grade asphalt concrete/DGAC = 52.2°C, permeable asphalt concrete/PAC = 49.9°C, concrete = 46.9°C, permeable interlocking concrete block/PICB = 42°C, grass block = 43.3°C), but at night all share almost the same temperature. b. Air temperature above the pavement follows the pattern of pavement surface temperature. At noon, air temperature above DGAC is the highest, followed by PAC, concrete, and grass block. Air temperature above PICB is the lowest. c. Simulation on eight-storey building shows that compared to concrete pavement, applying DGAC and PAC as the pavement material increase air temperature above the pavement. Air temperature surrounding 1-3rd floor and 6-8th floor is 1.27°C higher for DGAC, and 1.03°C higher for PAC. Air temperature surrounding 4-5th floor is 1.72°C higher for DGAC, and 1.48°C higher for PAC. Applying grass block may reduce air temperature above the pavement by 0.06°C. Applying PICB reduce air temperature surrounding 1st floor by 0.63°C, while for 2-8th floor is 0.18°C cooler compared air temperature above concrete. d. At peak hour on summer, applying DGAC as pavement material increase air conditioning energy consumption by 477.56 kW (or 14326.8 kW in a month), applying PAC increase air conditioning energy consumption by 399.89 kW (or 11996.7 kW in a month), applying grass block reduce air conditioning energy consumption by 27.18 kW (or 815.4 kW in a month). The largest reduction achieved by applying PICB which reduce air conditioning energy consumption by 93.3 kW (or 2799 kW in a month).
